Abstract
Hurricane Matthew, the strongest Atlantic hurricane of the 2016 hurricane season, made landfall south of McClellanville, S.C., around 1500 Coordinated Universal Time (UTC) on October 8, 2016. Hurricane Matthew affected the States of Florida, Georgia, South Carolina, and North Carolina along the U.S. Atlantic coastline. Numerous barrier islands were breached, and the erosion of beaches and dunes occurred along most of the South Atlantic coast. The U.S. Geological Survey (USGS) forecasted potential coastal-change effects-including dune erosion and overwash that can threaten coastal resources and infrastructure-to assist with pre-storm management decisions. Following the storm, oblique aerial photography was collected, and lidar topographic survey missions were flown. These two datasets were used to document the changes that resulted from the storm and to validate coastal change forecasts. Comparisons of pre-and post-storm photographs were used to characterize the nature, extent, and spatial variability of hurricane-induced coastal changes. Analyses of pre-and post-storm lidar elevations were used to quantify magnitudes of change in shoreline positions, dune elevations, and beach volumes. Erosion was observed along the coast from Florida to North Carolina; however, the coastal response exhibited extensive spatial variability, as would be expected over such a large region.
Introduction
The U.S. Geological Survey (USGS) National Assessment of Coastal Change Hazards (NACCH) project (https://www.usgs.gov/natural-hazards/coastal-marine-hazards-and-resources/science/ national-assessment-coastal-change-hazards) provides actionable information about the Nation's coastlines to help residents of coastal areas, government agencies responsible for coastal management, and coastal researchers. Extreme storms are one category among the many hazards that affect coastal environments. Hurricanes, nor'easters, and Pacific winter storms are powerful events that generate dangerous waves and surges that move large amounts of sand, destroy buildings and infrastructure, and take lives. Processes such as dune erosion, overwash, and inundation allow storms to reshape portions of the Nation's coastlines in a matter of hours. The storm-induced erosion hazards mission of NACCH (https:// www.usgs.gov/centers/spcmsc/science/national-assessment-storm-induced-coastal-change-hazards) is focused on quantifying and understanding the magnitude and variability of effects that extreme storms have on sandy beaches. The information gained from these studies can lead to improvements in the real-time and scenario-based predictions of coastal change while supporting the management of coastal infrastructure, resources, and safety practices.
Understanding storm-induced coastal change well enough to forecast changes requires knowledge of the physical processes associated with storms and the geomorphology of the affected coastline. The primary oceanographic forces that drive coastal change during storms are waves and storm surge. Storm surge, a rise in water level due to wind, barometric pressure, and other factors, allows waves and currents to affect parts of the upper beach and dunes that are not normally exposed to these processes. The morphology of coastal features, particularly the primary sand-dune elevation, beach width, and slope, are compared to the storm-elevated waves and water levels, which allows researchers to define the vulnerability of these features during a storm event.
The three critical elements of this work are (1) the forecast of potential coastal-change effects for emergency planning, (2) the use of direct observations of coastal change to determine the accuracy of the forecast, and (3) update the coastal elevations (for example, the post-storm dune elevations) for future storm forecasts. Immediately after Hurricane Matthew made landfall, Federal agencies responded with a large-scale data collection effort that included oblique aerial photography, airborne topographic surveys, and ground-based topographic surveys. This report documents USGS efforts to assess the effects of Hurricane Matthew along the Atlantic coast. Qualitative and quantitative observations of hurricane-induced changes to the shoreline, beaches, and dunes are presented for the region most heavily affected by the storm. The potential causes behind the spatial variations in the observed response are outside of the scope of this report and may be addressed in other scientific reports.
This report is divided into the following primary sections: • Section 3, Storm Overview-presents a synopsis of the storm, including meteorological evolution, wind speed impact area, wind-wave generation, and storm-surge extent and magnitudes.
• Section 4, Coastal-Change Predictions-describes the predicted effects to the coasts along the affected areas.
• Section 5, Coastal-Change Observations-describes data collection missions, including the acquisition of oblique aerial photography and airborne light detection and ranging (lidar) topographic surveys, and observations of coastal change in response to Hurricane Matthew.
• Section 6, Forecast Validation-compares the coastal change forecast with observations of coastal change.
• Section 7, Coastal-Change Analysis-describes data-analysis methods and results.
Storm Overview

Storm History
Hurricane Matthew was an active tropical weather system in the North Atlantic Ocean and the Caribbean Sea from September 28 to October 9, 2016 (fig. 1; Stewart, 2017) . Based on estimates made using Air Force Reserve Hurricane Hunter aircraft wind data and microwave satellite imagery, Tropical Storm Matthew formed at about 1200 Coordinated Universal Time (UTC) on September 28, at a location 28 kilometers (km) west-northwest of Barbados (Stewart, 2017) . As the tropical storm moved westward into the warm waters of the Caribbean Sea, gradual strengthening occurred, and Tropical Storm Matthew became Hurricane Matthew at 1800 UTC on September 29. The hurricane rapidly intensified over a 24-hour period, and at 0000 UTC, on October 1, became a Category 5 hurricane, reaching peak intensity with winds of 269 kilometers per hour (km/h). Turning north, Hurricane Matthew made landfall along the southwestern coast of Haiti around 1100 UTC on October 4 as a Category 4 hurricane with winds of 241 km/h. Matthew continued north and made landfall along the eastern end of Cuba at 0000 UTC on October 5 as a Category 4 hurricane with winds of 231 km/h. At around 0000 UTC on October 7, the storm moved northwest and made landfall near West End, Grand Bahama Island, The Bahamas. Matthew gradually weakened as it approached the United States and subsequently moved along the Florida coast. The hurricane continued north, hugging the coasts of Florida, Georgia, and South Carolina while continuing to weaken.
Hurricane Matthew was a Category 1 storm with maximum sustained winds of 139 km/h when it made landfall at about 1500 UTC on October 8, south of McClellanville, S.C., within the Cape Romain National Wildlife Refuge. The center of the hurricane moved back offshore by 1800 UTC on October 8 and traveled northeast, offshore of the North Carolina coast. The storm lost its tropical characteristics by 1200 UTC on October 9, although hurricane-force winds were still present.
Extent of Hurricane-Force Winds
The maximum sustained winds from Hurricane Matthew were estimated by the National Oceanic and Atmospheric Administration (NOAA) Atlantic Oceanographic and Meteorological Laboratory, Hurricane Research Division (using methods described by Powell and others [1998] ). Hurricane-force fig. 2 ). These hurricane-force winds were mainly confined to immediate coastal areas and barrier islands in these areas ( fig. 2 ). Tropical storm force winds reached at least 130 km inland as Hurricane Matthew tracked up the Atlantic coast from Florida to North Carolina (Stewart, 2017) . The strongest winds were measured at Kennedy Space Center at Cape Canaveral, Fla.; sustained winds of 119-137 km/h, with gusts of 169-172 km/h, were measured (Stewart, 2017) . A National Weather Service (NWS) damage survey indicated that Category 2 sustained winds likely occurred in the coastal areas of northern Brevard County, Fla., although no measurements exist in this location to definitively confirm this analysis (Stewart, 2017) . 
Wave Climate
Several moored buoys (figs. 1, 3) operated by the NOAA National Data Buoy Center (NDBC) measured the significant wave height (Hs) and dominant wave period (Td) of waves generated by Hurricane Matthew. Buoy 41009, offshore of Cape Canaveral, Fla., was located directly in the path of Hurricane Matthew; the buoy became unmoored around 0539 UTC on October 7 and measured a maximum Hs of 5.2 meters (m) at that time. Buoy 41004, offshore of Charleston, S.C., measured the largest Hs of 7.7 m at 1250 UTC on October 8 as Hurricane Matthew passed 60 km to the west. The maximum Hs at Buoy 41112 near Fernandina Beach, Fla., was 6.0 m at 2101 UTC on October 7. The maximum Hs at Buoy 41008 near Savannah, Ga., was 5.9 m at 0250 UTC on October 8. The maximum Hs at Buoy 41013 near Frying Pan Shoals, N.C., was 6.5 m at 1650 UTC on October 8. The maximum Td varied between 12.9 and 13.3 seconds (s) among the four buoys that remained operational for the duration of the storm.
Storm Surge
Measurements of storm surge are primarily gathered from coastal tide gages and land-based storm sensors and high-water marks (McCallum and others, 2013) . During Hurricane Matthew, many tide gages were operational, and data from these gages were published by Stewart (2017) and the NOAA National Ocean Service (NOS) (2017). Higher than normal water levels, driven by Matthew's vast wind field, affected the southeast and mid-Atlantic coast ( fig. 4 ). The gage at Fernandina Beach, Fla., recorded water levels 2.12 m above the normal tide level, and a gage at Fort Pulaski National Monument, Ga., recorded water levels 2.34 m above the normal tide level. Gages located at Charleston, S.C., and Hatteras, N.C., measured water levels of 1.89 m and 1.85 m above normal, respectively (Stewart, 2017) .
Water Levels at the Coast
Prior to Hurricane Matthew, the USGS deployed more than 284 storm tide sensors along the coast from Florida to North Carolina. The sensors were installed on bridges, piers, and other structures. Sensors were deployed at various elevations above the normal water level to capture storm-induced water levels. Some sensors were lost or malfunctioned, while others remained above the elevated water level where they could not record data. A majority of the sensors remained operational and recorded water level data during the storm; this deployment was described in detail by Frantz and others (2017) , and data from the deployment are accessible through the USGS Flood Event Viewer (https://stn.wim. usgs.gov/FEV/#MatthewOctober2016). Higher than normal water levels were observed at representative sensors located between dunes and the Atlantic Ocean ( fig. 5 ). These data were filtered to reduce noise upon recovery and to improve display clarity in figure 5. The maximum water level after the initial filtering is reported here. The sensor at St. Simons Pier in Glynn County, Ga., (GAGLY18414) recorded the highest water levels, which were 3.27 m above NAVD88. At Fort Matanzas National Monument beach in St. Johns County, Fla., (FLSTJ03126), water levels of 2.56 m NAVD88 were recorded. The maximum water levels at each sensor location moved forward in time from south to north, consistent with the movement of the storm. Note that the sensors could not measure water level elevations below the sensor height; therefore, the horizontal line shown in the time series before-after-between peaks for the sensors denote the sensor elevation and not the actual water level.
U.S. Geological Survey Coastal Change Predictions
The USGS National Assessment of Coastal Change Hazards project often forecasts the probability of different types of coastal change associated with storm events to better understand potential storm effects along the coast and thereby aid management decisions. The decision to produce a forecast is triggered by several factors, including whether the expected storm event has a high likelihood of causing significant coastal change, whether significant societal or ecosystem effects are expected, and whether overlaps with ongoing research or applied efforts are occurring. The probability of the expected type of coastal change is forecast by comparing modeled elevations of storm-induced water levels to known elevations of coastal topography. Forecasts of the effects of a landfalling storm are disseminated through the USGS Coastal Change Hazards Portal (https://marine.usgs.gov/coastalchangehazardsportal/) ( fig. 6 ).
During a storm, the combined effects of (1) the astronomical tide, (2) storm surge, and (3) wave runup (both setup and swash) move the erosive forces of the storm higher on the beach than during typical wave conditions. The predicted peak surge values were obtained from the NOAA NWS Probabilistic Hurricane Storm Surge (P-Surge) model, which is based on conditions specific to the landfalling storm. The P-Surge model uses an ensemble approach of the Sea, Lake, and Overland Surges from Hurricanes (SLOSH) model. This approach includes error statistics from past hurricane forecasts and uncertainties in hurricane track, size, forward speed, and intensity to determine probable storm surge elevations at locations near the storm within the next 102 hours. The 10 percent exceedance surge level represents a reasonable worst-case scenario. Wave runup elevations at the shoreline were computed using the Stockdon parameterization others, 2006, 2012) with the last measured beach slope (dune toe to shoreline), and maximum significant wave heights and peak periods at 20-m water depth obtained from the NOAA Environmental Modeling Center WaveWatch III model 7-day forecast.
The three regimes used to characterize potential effects include dune erosion (collision), dune overwash, and inundation (Sallenger, 2000; Stockdon and others, 2007) . Collision with the dune occurs when the extreme water level exceeds the elevation of the dune base. Overwash occurs when the extreme water level exceeds the elevation of the dune crest. Inundation occurs when the mean water level and the sum of the tide, surge, and wave setup exceeds the elevation of the dune crest. If none of these conditions are met, the beach is in the swash regime, meaning it is within a range where waves affect the foreshore and backshore environments but not the protective sand dunes. Prior to Hurricane Matthew making landfall, the probability of coastal change was determined for the sandy coasts of Florida, Georgia, South Carolina, and North Carolina ( fig. 6 ). The forecast covered 1430 km of open-coast beaches along the Atlantic mainland and barrier islands. This section of coast was forecast to be very likely (probability >90 percent) to experience collision for 996 km of coast (70 percent of affected coastline), overwash along 479 km (33 percent of affected coastline) and inundation along 112 km (8 percent of affected coastline) (table 1). Note that the percent of coast forecast to be affected may add up to less or more than 100 percent, as the three metrics are calculated independently.
During the storm, the coastal change forecast used the best elevation data available at the time for the State of Florida, which were collected from 2009 to 2010 ( fig. 7, table 1) . A lidar elevation survey was collected along the Florida Atlantic coast in July 2016 but was not processed in advance of the storm. Following the storm, coastal change predictions for Matthew were re-calculated using the 2016 data. In the following sections on Florida, this information was used for analysis because it is the most accurate measure of pre-storm coastal elevations. 
U.S. Geological Survey Coastal-Change Observations
The following data were collected in response to Hurricane Matthew as a means to describe and characterize the post-storm state of the coast and to qualify storm effects:
• . 7) . Photography was captured with a Nikon D810 camera aboard a Cessna 182 aircraft at an altitude of 150 m and approximately 365 m offshore. A sample rate of one image every 2 s resulted in a total of 15,728 images (Morgan, 2017b) . Table 2 provides details about the photographs representing the pre-storm conditions. Examples of both pre-and post-storm photographs obtained during these two flights are available online (https://www.usgs.gov/centers/spcmsc/science/ hurricane-matthew-storm-response). The complete library of pre-and post-Matthew photographs can be accessed at https://coastal.er.usgs.gov/hurricanes/tools/oblique.php?mission=Matthew2016.
In addition to supporting descriptions of the coastal changes that resulted from Hurricane Matthew, these data are available to emergency and coastal managers and others concerned with the storm's effect on the coast. These images may be especially useful in providing information about difficult to access locations.
Airborne Lidar Topographic Surveys
An airborne lidar survey to document post-storm coastal geomorphology, covering an area that stretched from Key Biscayne, Fla., northward through Virginia, began twenty days after landfall on October 28, 2016, and was completed on November 26, 2016. Because of the extensive area affected by Hurricane Matthew, the pre-storm topography was defined through the use of multiple surveys (fig. 7) . The survey dates and spatial coverage for each pre-storm survey are detailed in table 3. Examples of pre-and post-storm comparisons of lidar elevation are available online (https://www.usgs.gov/centers/ spcmsc/science/national-assessment-storm-induced-coastal-change-hazards) and in Section 6, Forecast Validation. The post-Hurricane Matthew lidar data were compiled to meet a vertical accuracy of 19.6 centimeters and a horizontal-position accuracy of 1 m with a 95-percent confidence level, as reported by the U.S. Army Corps of Engineers.
Overwash Delineation
The NOAA NOS NGS Remote Sensing Division collected aerial photography of the affected coastline from the Florida Keys to the Chesapeake Bay mouth in Virginia from October 7 to October 16, 2016. The USGS NACCH project analyzed this post-storm aerial photography for dune overwash and breaching along the coasts of Florida, Georgia, South Carolina, and North Carolina (fig. 8 ). The method involved visually inspecting pre-and post-storm imagery in the ArcGIS environment and marking the locations of observed overwash and the breaching of dunes caused by Hurricane Matthew (fig. 9 ; Doran and others, 2017). 
Forecast Validation
This section contains a validation of the coastal change forecast. Locations where overwash was forecast with a probability >90 percent were defined as the forecast values and were compared with the observed overwash delineation (Section 5.3, Overwash Delineation; fig. 9 ). The quantity of observed overwash is reported in two ways. The total length of overwash is the cumulative sum of the alongshore lengths for all instances of overwash within each State. The high-resolution delineation of observed alongshore overwash extent was also used to classify 1-kilometer (km) bins alongshore, such that if overwash occurred anywhere in the bin, overwash was observed for the entire bin and could be compared with the forecast values. The results of the comparison are presented in contingency tables (tables 4-7) along with the forecast biases and Brier scores. The contingency tables give the discrete joint distribution of forecasts and observations in terms of bin counts and show the number of correctly forecast bins, false negatives, and false positives. The bias is calculated by taking the number of forecast overwash events and dividing it by the number of observed overwash events. A bias greater than 1 indicates overprediction, while a bias less than 1 indicates underprediction.
The Brier score (BS) is a measure of forecast skill using the full range of forecast probabilities, where a perfect forecast equals 0 and a completely imperfect forecast equals 1 (equation 1).
where N is the number of locations; f is forecast probability; and o is the observation (1 = overwash, 0 = none).
A Brier score of less than 0.25 is skillful, meaning better than random.
Because the storm provides the hydrodynamic forcing for the observed coastal changes and the magnitudes of erosion typically scale with distance from landfall, coastal storm effects and change are presented relative to the location of landfall, where negative values represent the distance along the shoreline to the left of landfall and positive values indicate distance, moving along the coast, to the right of landfall.
The storm effects and the pre-storm forecasts varied by State due to the changing characteristics of Hurricane Matthew as it made its way along the coast and how the storm surge and waves interacted with the varied morphology along the coastline of each State. Georgia and South Carolina were affected more heavily, and the forecasts predicted more widespread effects in those States.
Florida
The coastal change forecast for Florida, which was disseminated during the storm, used lidar data from 2009 and 2010. Overwash was initially forecast along 23 percent of the coast (which is 23 percent of alongshore bins). Inundation was forecast along 1 percent of the coast. The following validation uses the pre-storm 2016 data for Florida that were unavailable during the storm. By total length, approximately 11 percent of the State of Florida's Atlantic coast dunes experienced overwash based on visual comparisons of pre-and post-storm aerial imagery ( fig. 9 ). Overwash was observed in 22 percent of alongshore bins. Overwash was forecast along 13 percent of the coast. The forecast overwash was correctly determined at 45 of 81 locations; overwash was forecast but not observed at 36 locations; and overwash was observed but not forecast at 86 locations (table 4). Overwash was underpredicted (bias <1), but the forecast was skillful (BS = 0.20) due to the number of non-overwash locations correctly forecast. Breaching occurred at three locations along the Florida coast, two south of Matanzas Inlet (DFL = −440 km) and one along Little Talbot Island (DFL = −349 km). Inundation was forecast along <1 percent of the coast. Inundation was not forecast at any of the three observed-breach locations. . 9 ). Overwash was observed in 38 percent of alongshore bins. Overwash was forecast along 72 percent of the coast. The forecast shown in this report correctly predicted overwash at 55 of 123 locations; predicted but did not observe overwash at 68 locations; and observed but did not predict overwash at 10 locations (table 5) . Breaching occurred at four locations along the Georgia coast: two at Ossabaw Island, and one each at Little St. Simons Island and Sapelo Island. Inundation was forecast along 36 percent of the coast. Along Sapelo Island and Ossabaw Island, inundation was predicted at the locations where breaches were observed. Inundation was not predicted at the observed-breach location along Little St. Simons Island.
The State of Georgia had a bias value of 1.89, showing that the forecast overpredicted locations where overwash would occur. The Brier score of 0.48 indicates that the forecast was not skillful for Georgia, as seen by the greater number of false positives than true positives. 
South Carolina
By total length, approximately 37 percent of the State's dunes experienced overwash ( fig. 9 ). Overwash was observed in 48 percent of alongshore bins. Overwash was forecast along 71 percent of the coast. The forecast shown in this report correctly predicted overwash at 123 of 212 locations; predicted but did not observe overwash at 89 locations; and observed but did not predict overwash at 34 locations (table 6) . Breaching occurred at two locations along the South Carolina coast: at Capers Island (DFL = −23 km) and Huntington Beach State Park in Murrells Inlet (DFL = 66 km). Inundation was forecast along 15 percent of the coast. Inundation was not predicted at either of the two observed-breach locations.
The State of South Carolina had a bias value of 1.35, showing that the forecast overpredicted locations where overwash would occur. The Brier score of 0.41 indicates that the forecast was not skillful for South Carolina. While these scores are not the best among the four States, the dominant condition is the true positive condition, and there were few locations where false negatives occurred.
By total length, approximately 9 percent of the State's dunes experienced overwash ( fig. 9 ). Overwash was observed in 14 percent of alongshore bins. Overwash was forecast along 2 percent of the coast. The forecast shown in this report correctly predicted overwash at six of eight locations; predicted but did not observe overwash at two locations; and observed but did not predict overwash at 52 locations (table 7) . Breaching occurred at three locations along the North Carolina coast, including along Holden Beach (DFL = 145 km), Portsmouth Island (DFL = 439 km), and Hatteras Island (DFL = 476 km). Inun-
North Carolina
dation was forecast along 0 percent of the coast (for the South Carolina border through Cape Hatteras, N.C.). Inundation was not predicted at any of the three observed-breach locations.
The State of North Carolina had a bias value of 0.14, showing that the forecast underpredicted locations where overwash would occur, as can be seen by the large number of false negatives. The Brier score of 0.13 indicates that the forecast was accurate for North Carolina, although this score is improved by the numerous locations at which overwash was neither forecast nor observed.
Coastal-Change Analysis
Hurricane Matthew affected a broad swath of the South Atlantic coast, including Florida, Georgia, South Carolina, and North Carolina. Erosion, overwash, and breaching occurred on many barrier islands, including some that are densely populated and developed. Comparisons of pre-and post-storm photography were used to identify examples of coastal change that span the range of responses to the hurricane conditions. The pre-storm photography obtainment is described in table 2. Photographs are available at https://coastal.er.usgs.gov/hurricanes/tools/oblique.php?mission=Matthew2016.
Pre-and post-storm lidar elevation surveys were compared to quantify the spatial extent and magnitude of these coastal changes. Pre-storm lidar surveys were obtained from a variety of sources (table 3) . After collection, the lidar data were processed to classify data points as ground, vegetation, noise, and bathymetry. The lidar-processed ground and bathymetry data points were gridded to be consistent with previous studies (Plant and others, 2002; Doran and others, 2009 ). The location and elevation of the dune crest and dune toe, along with the shoreline location at the mean high water elevation were extracted from both pre-and post-storm elevation grids, consistent with previous studies (Stockdon and others, 2002; Weber and others, 2005; Doran and others, 2009) .
Quantitative analyses included estimated changes in coastal metrics. The elevation grids were used to compute changes in elevation and the position of the frontal sand dune or berm system, the shoreline position, and the beach volume at 10-m intervals in the alongshore direction. Shoreline change (in meters) was calculated as the horizontal difference between the pre-and post-storm shoreline position. The subaerial beach volume change is defined as the change in volume between the locations of the pre-storm dune toe and shoreline. This quantity is calculated by differencing the pre-and post-storm elevation grids and integrating the differenced values in the cross-shore direction, yielding the volume of change (in cubic meters) per meter alongshore of coastline. This method eliminates complications that result from structures and vegetation, which are often located landward of the dune base. The results of the coastal change analysis are presented in separate subsections, including the four coastal States within the storm response region covered by this report.
Florida
Pre-storm beach and dune elevation data were obtained in summer 2016, a few months before the storm. When compared with post-storm elevations, for the entire State of Florida, the mean dune elevation change was a decrease of 0.2 m, the mean shoreline change was 1.7 m landward, and the mean beach volume change was a decrease of 4.3 cubic meters per meter (m 3 /m) ( fig. 10) . The most affected region for dune height change was from Beverly Beach (DFL = −460 km) north to Amelia Island (DFL = −340 km), while few dunes in southern Florida were markedly affected (figs. 11−14) . There was no strong, consistent trend in shoreline change or beach volume change. Two areas were affected in terms of beach volume: an approximately 20-km area centered near Daytona Beach (DFL = −497 km), which exhibited 20-40 m 3 /m of beach volume loss, and a small area south of St. Augustine (DFL = −415 km), which showed signs of erosion equaling roughly 40-60 m 3 /m ( fig. 12) .
In Flagler Beach, waves and surge eroded dunes with pre-existing coastal armoring and undercut a road (DFL = −466 km). Several houses sit among the dunes in Vilano Beach; the dune in front of these houses was completely eroded, and the building foundations were exposed, although the buildings remained standing after the storm (DFL = −408 km). Dune erosion and landward migration of the shoreline at this and other locations left many houses more vulnerable to future storms.
Approximately 11 percent of the State's dunes experienced overwash based on visual comparisons of pre-and post-storm aerial imagery ( fig. 9 ), resulting in the deposition of sand landward and an overall flattening of the beach topography. For example, overwash of the dunes at Vilano Beach, north of St. Augustine, Fla., resulted in the transport of large volumes of sand inland from the beach system, severe decreases of dune height (fig. 11 ), and significant property damage. Breaching occurred at several locations along the Florida coast, most notably along the barrier island south of Matanzas Inlet (DFL = −440 km). Waves and surge cut a nearly 70-m wide breach through the narrow island, based on the NOAA aerial imagery from October 8, 2016. The breach was nearly 160-m wide in November 2016 (Summer Haven, St. Johns County, Fla.) and was closed in December by the Florida Department of Environmental Protection (Hurricane Damage Assessment Report for 2016, [2017] ) and Taylor Engineering. A second, smaller breach, north of the larger breach, cut through the dune and nearly through the entire island. A third breach also occurred along Little Talbot Island, at the spit on the northern end of the island. 
Georgia
The most recent pre-storm lidar elevation data available for Georgia were collected in May 2010. Most of the Georgia coast experienced a decrease in dune elevation due to Hurricane Matthew. For the entire State of Georgia, the mean dune elevation change was a decrease of 0.4 m, the mean shoreline change was 1.9 m landward, and the mean beach volume change was an increase of 15.1 m 3 / m ( fig. 15 ). Approximately 9 percent of the coast saw a dune elevation decrease of 2 m or more, with a maximum loss of nearly 7 m. While some locations saw no shoreline change, there were instances of both large positive and negative changes in shoreline position (figs. 16, 17) .
Because the pre-storm lidar data predate the storm by 6 years, it is likely that some of the shoreline and volume change observed between the pre-and post-storm lidar surveys of Georgia's extensive barrier island system reflect the ongoing evolution of the islands, such as in adjacent locations that see opposing changes in shoreline and beach volume, as is the case near DFL = −265 km, DFL = −238 km, and DFL = −208 km.
Approximately 30 percent of the State's dunes experienced overwash ( fig. 9 ), resulting in the deposition of sand landward and an overall flattening of the beach topography. Breaching occurred at several locations along the Georgia coast: at Little St. Simons Island, Sapelo Island, and two locations along Ossabaw Island. All four breaches involved low and narrow dunes in uninhabited areas; in the case of Ossabaw Island, the southern breach connected the ocean to a tidal channel, and the northern breach connected the ocean to a pond within the dune field. 
South Carolina
Destructive waves and storm surge associated with Hurricane Matthew severely eroded the beach and dune systems along the South Carolina coastline. Many locations along the South Carolina coast experienced severe dune erosion of greater than 1-m vertical loss (figs. 18, 19) . For the entire State of South Carolina, the mean dune elevation change was a decrease of 0.5 m, the mean shoreline change was 6.0 m landward, and the mean beach volume change was an increase of 7.2 m 3 /m ( fig. 18 ). Approximately 6 percent of the coast saw a dune elevation decrease of 2 m or more, with a maximum loss of nearly 6 m. There were many areas where a seaward increase in the shoreline position or an increase in beach volume were observed. These changes could have been caused by the transport of sand from the dune to the beach or by alongshore transport, thereby increasing the overall width and volume of the beach.
One interesting area of note is Myrtle Beach (DFL = 92 km)-while dune erosion occurred, there was a relatively small change in the shoreline position, maximum landward movement on the order of 10-15 m, and relatively little net beach-volume change (figs. 19, 20) . Of interest is the fact that the effects were not more severe, considering that the eye of the storm passed almost directly over Myrtle Beach. This area experienced onshore hurricane-force winds (fig. 2) , and the buoy offshore of Charleston, S.C. (~160 km south of Myrtle Beach) recorded the largest waves at nearly 8 m ( fig. 3) . The post-storm lidar survey did not start until October 28, which was 20 days after the storm made landfall, and did not conclude until the end of November. Because of this, the minimal effects seen in the data could be indicative of beach recovery in the time between the arrival of the storm and the time data were acquired.
Approximately 37 percent of the State's dunes experienced overwash ( fig. 9 ), resulting in the deposition of sand landward and an overall flattening of the beach topography. For example, overwash of the dunes at Edisto Beach (DFL = −100 km) resulted in the transport of large volumes of sand inland from the beach system, severe decreases of dune height (figs. 18, 19) , and significant property damage. Breaching occurred at two locations along the South Carolina coast: at Capers Island (DFL = −23 km) and Huntington Beach State Park in Murrells Inlet (DFL = 66 km). In both cases, waves and surge breached low dunes on narrow sections of barrier islands that appear susceptible to breaching during storms; neither occurrence affected infrastructure. 
North Carolina
Hurricane Matthew caused dune erosion and large volumes of sand transport along the beaches in North Carolina. For the entire State of North Carolina, the mean dune elevation change was a decrease of 0.6 m, the mean shoreline change was 8.8-m seaward, and the mean beach volume change was an increase of 9.9 m 3 / m ( fig. 21 ). Approximately 11 percent of the coast saw a dune elevation decrease of 2 m or more, with a maximum loss of 7.5 m (figs. 21, 22 ). An area of positive shoreline change is present from Surf City to Browns Island (DFL = 260 km to DFL = 300 km), where there was widespread erosion of the dunes (figs. 22, 23). Interestingly, this seaward movement in the shoreline position resulted in little increase in beach volume. The widened beach was flatter in most locations with a minimal increase in beach volume.
Along North Topsail Beach, protective dunes were eroded and overwashed (DFL = 279 km). Near Camp Lejeune, waves and surge overwashed the dunes and transported sand into the marsh (DFL = 289 km). In Kitty Hawk, even though the storm was weakening and only bringing tropical storm force winds, dunes were still hard hit by waves and surge, and a section of coastal roadway was destroyed (DFL = 593 km).
Approximately 9 percent of the State's dunes experienced overwash ( fig. 9 ), resulting in the deposition of sand landward and an overall flattening of the beach topography. For example, overwash of the dunes at Kitty Hawk, N.C., resulted in the transport of large volumes of sand inland from the beach system, severe decreases of dune height (fig. 22) , and damage to infrastructure and property. Breaching occurred at several locations along the North Carolina coast, including along Holden Beach (DFL = 145 km), Portsmouth Island (DFL = 439 km) and Hatteras Island (DFL = 476 km). At Holden Beach, the dunes along the southern end of the island were only breached through to a dune pond and did not affect any infrastructure in that location. At Portsmouth and Hatteras Islands, Hurricane Matthew breached areas of low elevation that may have been breached in the past to connect the back bay with the ocean. Infrastructure was not affected at either location. 
Conclusion
After Hurricane Mathew, as a part of the National Assessment of Coastal Change Hazards project, the USGS collected post-storm oblique aerial photography and conducted lidar topographic surveys to document the changes that resulted from the storm. Comparisons of post-storm photographs with those collected prior to Matthew's landfall were used to characterize the nature, magnitude, and spatial variability of hurricane-induced coastal changes. The complete library of pre-and post-Matthew photographs is available online. Analysis of pre-and post-storm lidar elevations were used to quantify magnitudes of changes in shoreline position, dune elevation, and beach volume. Extensive erosion was observed along the entire study area from Florida to North Carolina. Complex spatial variability in the response can be attributed to a variety of factors, including, but not limited to, coastal geomorphology, offshore geology, nearshore processes, and development density. Further analysis of these data can allow for a greater understanding of the observed patterns of change. Additionally, the data can be used to verify the accuracy of pre-landfall coastal change predictions and refine and improve the models for use in future storms.
